Introduction
Of the six structural and six nonstructural proteins encoded by the segmented double-stranded (ds) R N A genome of the rotaviruses, recent studies suggest that as many as seven may have affinity for RNA. While their functions in virus replication have yet to be precisely defined, the RNA-binding proteins may play essential roles in a number of events including: (i) transport of viral m R N A s to the site of replication, (ii) packaging and assortment of viral m R N A , (iii) R N A synthesis, (iv) coordination of genome replication and virion morphogenesis and (v) regulation of gene expression. Herein, the properties of the RNA-binding proteins are reviewed and the possible functions of these proteins in the replication of the rotavirus genome are discussed.
Background
Rotaviruses, members of the family Reoviridae, are the major aetiological agents of severe infantile diarrhoea, causing an estimated one million deaths annually (Kapikian & Chanock, 1990) . The mature rotavirion is a T = 13 icosahedron consisting of three concentric layers (shells) of protein and a genome of eleven segments of ds R N A ( Fig. 1) (Prasad el al., 1988; Yeager et at., 1990; Prasad & Chiu, 1994) . The outer most shell is made up of 780 copies of the glycoprotein, VP7 (37 kDa), and 60 spikes formed from dimers of the viral attachment protein, VP4 (87 kDa) (Prasad et al., 1990; Shaw et al., 1993) . The intermediate shell consists of 260 trimers of VP6 (41 kDa) arranged in a T = 13 lattice (Prasad & Chui, 1994) . Ongoing work suggests that the innermost shell is a T = 1 structure made up of 60 dimers of the RNA-binding protein VP2 (102 kDa) (B. B. V. Prasad, personal communication) . Within the inner shell is approximately one or fewer molecules per d s R N A segment of the putative R N A polymerase VP1 (125 kDa) and the guanylyltransferase VP3 (98 kDa) (Liu et al., * Fax + 1 305 548 4623. e-mail jpatton@molbio.med.miami.edu 1988) . Collectively, the innermost proteins VP1, VP2 and VP3 and the genome form the viral core. In contrast to cores alone, cores that are surrounded by the VP6 shell, i.e. VP6 particles, have associated transcriptase activity and are the source of viral m R N A in the cell (Cohen, 1977; Bican et al., 1982; Sandino et al., 1986) .
In comparison to most cellular mRNAs, rotavirus m R N A s are unique in that they contain 5'-terminal caps Purine-rich core
but lack 3'-terminal poly(A) tails (Imai et al., 1983; McCrae & McCorquodale, 1983) . During replication, the viral m R N A s serve two functions: (i) to direct protein synthesis and (ii) to act as templates for the synthesis of minus-strand R N A s to produce d s R N A s . The synthesis of d s R N A s is an event that follows or occurs simultaneously with the packaging of m R N A templates, as naked d s R N A cannot be detected in infected cells. Likewise, the absence of free d s R N A in the infected cell indicates that d s R N A remains particle associated once synthesized. Given that the 11 genomic d s R N A s are present in equimolar concentration in both infected cells and virions, the packaging and replication o f the 11 species o f viral m R N A s into d s R N A s must be a highly coordinated process (Patton, 1990) . Comparative analysis reveals that the rotavirus genome segments share nucleotide sequence h o m o l o g y only at their extreme 5' and 3' termini (Desselberger & McCrae, 1994) . The consensus sequence at the 5' terminus is 5' G -G -C -A / U -A / U -U -A / U -A -A / U -A / U 3' and at the 3' terminus is 5' A / U -U -G / U -U / G -G / U -A / G -C -C 3' (Fig. 2) . However, a m o n g different strains of the rotaviruses, the entire 5'-and 3'-terminal untrans- . asS-labelled intracellular subviral particles (SVPs) were prepared from SAI 1 rotavirus-infected cells and resolved on a nondenaturing agarose gel (Gallegos & Patton, 1989) . VP6 RIs (lane 2), core RIs (lane 3), a mixture of core and precore RIs (lane 4), and precore RIs (lane 5) were eluted from portions of the gel, analysed by electrophoresis on a 12% polyacrylamide gel and detected by fluorography. The protein composition of the SVPs applied to the nondenaturing agarose gel is shown in lane 1. lated regions (UTRs) of homologous genome segments are highly conserved, often more so than sequences located within the open reading frames of the genes. The lengths of the UTRs vary considerably with those at the 5' termini ranging from 9 to 49 bp and those at the 3' termini ranging from 17 to 182 bp. The roles of the UTRs are unknown but they are probable targets for rotavirus RNA-binding proteins that participate in R N A packaging, R N A synthesis and regulation of gene expression. In addition to primary sequences, secondary structures predicted to exist in the UTRs may serve as components of the recognition signals for the RNAbinding proteins (Hua et al., 1993; Patton et al., 1993) ( Fig. 3a, b) . Analysis of intracellular subviral particles resolved by nondenaturing electrophoresis led to the identification of three distinct species of replication intermediates (RIs) in infected cells (Fig. 4) (Gallegos & Patton, 1989) . The RIs and their structural protein components in order of size from smallest to largest are as follows: precore RI (VP1 and VP3), core RI (VP1, VP2 and VP3) and VP6 RI (VP1, VP2, VP3 and VP6). Pulse-chase analysis of the intermediates indicates that VP6 particles are formed in vivo by the sequential addition of VP2 and VP6 to the precore RI (Gallegos & Patton, 1989) . Along with structural proteins, the components of the RIs may also include nonstructural proteins (NSP) (Fig. 4) . Specifically, relatively large amounts of NSP2 co-purify with core and VP6 RIs while NSP1 and NSP3 reproducibly co-purify with precore RIs. In addition, NSP5 may also be a component of core RIs. The importance of RNAbinding proteins in the replication process is suggested 
Properties of the RNA-binding proteins
Large cytoplasmic inclusions termed viroplasms form in rotavirus infected cells and are the proposed sites of core and VP6 particle assembly and RNA replication (Altenburg et al., 1980; Petrie et al., 1982 Petrie et al., , 1984 . As a whole, the RNA-binding proteins can be classified within either of two groups depending on whether they accumulate in viroplasms or at other sites in the cytoplasm (Table 1 ). Whereas those proteins that localize to the viroplasm can be expected to function in RNA replication, the function of those proteins accumulating elsewhere is much less certain. But within both groups of RNA-binding proteins there are those that are found in high abundance in the cell and those that specifically recognize viral mRNAs. Remarkably, in some cases the viral RNA-binding proteins seem to recognize similar targets on the viral mRNA.
NSP1
Of the nonstructural proteins, the segment 5 product NSPI (58 kDa) is expressed at the lowest levels in the infected cell. Indirect immunofluorescence assay (IFA) indicates that NSP1 accumulates not in the viroplasm, but instead in a punctate-like manner throughout the cytoplasm possibly in association with the cytoskeleton (Fig. 5 ) . Evidence for the interaction of NSP1 with the cytoskeleton also comes from cellular fractionation studies which have shown that most NSP1 co-purifies with the cytoskeletal matrix . The identity of the cytoskeletal component that NSP 1 may interact with is unknown, but double-straining of infected cells with specific antibodies indicates that NSP1 and the type III intermediate filament, vimentin, are distributed similarly within the cytoplasm (unpublished data). Perhaps NSP1 or the major viral cytoskeleton-binding protein, NSP3 , is responsible for the changes in the distribution of vimentin observed in infected cells (Weclewicz et al., 1994) . NSP1 is variable in length (486-495 amino acids) and its primary sequence is poorly conserved, especially within the carboxy-terminal half of the protein. In contrast to the primary sequence, the predicted secondary structure of NSP1 is highly conserved. Near its amino terminus, NSP1 contains a cysteine-rich sequence, C-X2-C-Xs-C-X2-C-Xa-H-X-C-X2-C-Xs-C, that has been detected in the gene 5 product of all group A and C rotaviruses examined to date (Mitchell & Both, 1990a; Hua et al., 1993; Dunn et al., 1994; Palombo & Bishop, 1994; Xu et at., 1994) . The cysteine-rich motif may form two zinc fingers with a typical TFIIIA-like finger linked by an unusually short spacer sequence to a second finger that is atypical, albeit not without precedent ( Fig. 6 ) (Lovering et al., 1993) . The presence of zinc fingers in NSP1 would be consistent with previous studies showing that the protein has affinity for zinc (Brottier et al., 1992) .
NSP1 has specific affinity for all 11 rotavirus mRNAs . The target of the binding activity has been shown to reside near the 5' end of the mRNAs and may include residues located within the first 34 nucleotides of the mRNAs (Hua et al., 1995) . By analysis of the binding activity of deletion mutants, the RNAbinding domain has been mapped to the region of NSP1 that contains the putative zinc fingers . Site-directed mutagenesis of cysteine residues proposed to coordinate the binding of zinc in NSP1 has revealed that these residues are essential for RNA-binding activity (Hua et al., 1995) .
Several rotavirus variants have been identified that contain rearrangements in genome segment 5 and are unable to encode the full-length NSP1, but retain the capacity to grow in cell culture (Hundley et al., 1985; Tian et al., 1993; . Remarkably, sequence analysis has indicated that the bovine variant A5-16 encodes a truncated NSP1 that contains only the first 40 amino acids of the wild-type protein and lacks the region of NSP1 presumed to form zinc fingers (Taniguchi et al., 1994) . Together the data suggest that with the possible exception of the first 40 amino acids, NSP1 is not required for rotavirus replication. However, NSP1 clearly plays some beneficial role in the replication of the rotaviruses, given that plaques produced by the variants are significantly smaller than the plaques of their parent viruses (Tian et al., 1993) .
NSP2
The gene 8 product NSP2 (317 amino acids) is the RNAbinding protein of greatest abundance in the infected cell where it accumulates predominantly in viroplasms (Fig.  5) . Analysis of the growth characteristics of tsE, a rotavirus mutant with a temperaturesensitive lesion in segment 8, indicates that NSP2 is essential both for the formation of viroplasms and for genome replication (Ramig & Petrie, 1984; Gombold et al., 1985) . Empty virions also accumulate in tsE-infected cells at nonpermissive temperature which also points to a role for NSP2 in coordinating the packaging and replication of viral RNA with virion morphogenesis.
By comparing nonviral and viral-specific RNA probes in gel retardation assays and RNA capture assays, NSP2 has been shown to have affinity for RNA although the binding activity is not virus specific (Kattoura et al., 1992) . UV cross-linking studies have established that NSP2-RNA complexes are present in infected cells. The RNA-binding activity of NSP2 is an intrinsic property of the protein that is not dependent on any other viral protein (Kattoura et al., 1994) . Attempts to map the RNA-binding domain in NSP2 by deletion mutagenesis have been unsuccessful as nearly all such mutants, including those containing either amino-or carboxyterminal truncations, lack RNA-binding activity (Fig. 7 ) (Kattoura et al., 1992) . In contrast to the relatively uncharged amino-terminal half, the carboxy-terminal half of NSP2 is basic and contains a highly conserved region of 37 amino acids (amino acids 205-241) that is extremely basic (pI 11-12) and has been proposed to serve as the RNA-binding domain (Patton et al., 1993) .
NSP2 expressed in infected cells and by in vitro translation forms multimers of 10S, with each multimer predicted to consist of six to eight copies of the protein (Kattoura et al., 1994) . The multimers are resistant to RNase treatment ruling out the possibility of an RNA component, but the multimers do possess RNA-binding activity. In fact, two lines of evidence suggest that the RNA-binding activity of NSP2 may be dependent on the multimerization of the protein. (i) By North-western blot assay, the monomer form of NSP2 does not bind RNA despite the high abundance of the protein and its lack of sequence specificity (Boyle & Holmes, 1986) . (ii) All deletion mutants of NSP2 that are unable to form multimers are also unable to bind RNA (unpublished results). Indeed, the only deletion mutant of NSP2 that retained the ability to form multimers was one which lacked the last four amino acids of the full-length protein, and it was also the only deletion mutant that retained affinity for RNA (Fig. 7) .
Protein protein cross-linking studies have indicated that complexes of VP1 and NSP2, possibly also including VP3, are present in rotavirus-infected cells (Kattoura et al., 1994) . Because these proteins accumulate in viroplasms, this may be the site at which the complexes form. Alternatively, such complexes may be formed outside the viroplasm, but then are transported to these inclusions where they participate in RNA replication.
NSP3
The segment 7 product NSP3 (315 amino acids) is a slightly acidic protein of moderate abundance in the infected cell. IFA has shown that NSP3 is distributed in a filamentous manner in the cytoplasm suggestive of its association with the cytoskeleton . Like NSP1, cell-fractionation studies have also shown that the majority of NSP3 co-purifies with the cytoskeletal matrix . Despite evidence that both NSP1 and NSP3 localize to the cytoskeleton, it is not known if these proteins interact. Sequence analysis indicates that NSP3 is predominantly a-helical in nature and contains in its carboxyterminal half a conserved hydrophobic heptad repeat region (amino acids 181 236) that shows sequence similarity to portions of some intermediate filament proteins Rao et al., 1995) . Examination of extracts from rotavirus-infected cells and recombinant baculovirus-infected insect cells suggests that NSP3 can form multimers, most frequently dimers, which may be stabilized by the presence of interchain disulphide bonds . However, given the highly reducing environment of the cytoplasm, it remains to be directly demonstrated that the disulphide-linked multimers are indeed present in the cells and not formed following cell lysis. Deletion mutagenesis has implicated the heptad repeat and other sequences in the carboxy-terminal half of NSP3 in multimerization . Poncet et al. (1993) demonstrated that monomer and multimeric species of NSP3 specifically bind to the 3' end of rotavirus mRNA and that the interaction protects the 3' consensus sequence from RNase digestion. Subsequently, deletion and site-specific mutagenesis showed that the T-terminal sequence GACC is the shortest target necessary for the specific interaction of viral mRNA and NSP3 and that mutation of this sequence affects the affinity of NSP3 for the target sequence . Effective binding of NSP3 also requires that the target resides at the 3' end of the RNA and that the T-terminal C contains a T-OH group. By contrasting the binding specificity of NSP3 proteins of group A and C rotavirus, Poncet et al. (1994) were able to show that NSP3 recognizes only those mRNAs that are derived from the same serogroup as the protein. This latter property of NSP3 may partly explain the inability of rotaviruses of different serogroups to reassort with one another. Interestingly, the sequence target of NSP3 is located entirely within the cis-acting signal that serves as the promoter for the viral replicase in the synthesis of minus-strand RNA (Fig. 3 b) .
The location of the RNA-binding domain in NSP3 has not been reported but may exist in the conserved basic region in the amino half of the protein (amino acids 81-150). In this region there is a consensus sequence,
(I/L)XXM(I/L)(S/T)XXG,
present in the singlestranded (ss) RNA-binding proteins of orbivirus NS2 and reovirus sNS (Rao et al., 1995) .
NSP5 and NSP6
Genome segment l l contains two out-of-phase open reading frames that direct the expression of viral proteins in infected cells (Mattion et al., 1991) . Both of the protein products, NSP5 and NSP6 (198 and 92 amino acids, respectively), accumulate in viroplasms. While the predicted molecular mass of NSP5 is 22 kDa, the apparent molecular mass is 28 kDa; this is due to the addition of O-linked N-acetylglucosamine monosaccharide residues to the protein (Gonzalez & Burrone, 1991) . NSP5, a protein rich in serine and threonine residues, is also phosphorylated (Welch et al., 1989) . The evidence that NSP5 is an RNA-binding protein is limited to preliminary experiments showing that the protein has affinity for poty(U)-Sepharose (Mattion et at., 1991) . NSP5 was not found to have RNA-binding activity in North-western blot assays (Boyle & Holmes, 1986) . With the present lack of information concerning NSP5, the role of this protein in rotavirus replication is difficult to predict. But given that the protein accumulates in viroplasms, is associated with RIs, and is posttranslationally modified in a manner reminiscent of some eukaryotic transcription factors (Jackson & Tijan, 1988) , NSP5 may play a regulatory role in rotavirus RNA synthesis.
VP1
Rotavirus RNA-dependent RNA polymerase activity is associated with viral protein complexes and not individual viral proteins. Those proteins that are essential for the activity of the complexes differ depending on whether the function of the complex is to synthesize dsRNA from an ssRNA template (replicase particles) or to synthesize mRNA from a dsRNA template (transcriptase particles) (Mansell & Patton, 1990) . In comparison to replicase particles, the synthesis of RNA by transcriptase particles may require two additional enzymatic activities: a helicase activity for melting of the dsRNA template and a guanylyltransferase activity for capping of the mRNA product. These additional activities may explain at least in part why transcriptase particles are structurally more complex than replicase complexes; transcriptase particles require VP6 for activity while replicase particles do not.
Despite the lack of direct evidence as to the identity of the viral RNA polymerase, for the following reasons the product of genome segment 1, VP1 (1088 amino acids), is probably the rotavirus polymerase. (i) VP1 contains regions that show sequence similarity with consensus motifs of the putative RNA-dependent RNA polymerases of several other viruses (Cohen et al., 1989; Fukuhara et al., 1989; Mitchell & Both, 1990b) . (ii) Upon exposure to light, the photoreactable nucleotide analogue [~-a2P]azido-ATP cross-links exclusively with VP 1 of transcriptionally active VP6 particles (Valenzuela et al., 1991) . Such cross-linking blocks the activity of the transcriptase, showing that VP1 is a nucleotide-binding protein and implying that VP1 is the RNA polymerase. (iii) VP1 can be cross-linked to viral mRNA by UV cross-linking. (iv) VP1 is a minor and common component of all rotavirus complexes that possess polymerase activity. This includes baculovirus-expressed VP1 VP2 complexes which are able to synthesize dsRNA in vitro from viral mRNA (Wentz et al., 1995) .
A template-dependent cell-free replication system containing disrupted virion-derived cores has been used to identify the cis-acting signals in rotavirus mRNA that are recognized by the viral replicase and serve to promote the synthesis of minus-strand RNA . Deletion mapping and site-specific mutagenesis have shown that the essential part of the signal is located at the extreme 3' end of viral mRNA and is seven nucleotides in length (Wentz et al., 1995; unpublished data) . The minimal promoter sequence, 5' UGUGACC 3', includes the entire target for the 3'-specific RNAbinding protein, NSP3 (5' GACC 3') ( Fig. 3b) . As yet uncharacterized are cis-acting signals located in the 5' UTR and upstream from the minimal promoter sequence in the 3' UTR that enhance the replication of viral mRNA in vitro (Wentz et al., 1995) . The apparent importance of Y-terminal sequences in mRNA replication raises the possibility that the 5' and 3' ends of the viral mRNAs interact to promote replication, and thus mimic the 5'-3' interactions that are important in the transcription of the segmented influenza genome (Fodor et al., 1994; Tiley et al., 1994) . The results obtained with the rotavirus cell-free replication system are in overall agreement with the findings of Gorziglia & Collins (1992) who showed by transfection of reporter RNAs into rotavirus-infected cells that the 3'-terminal 12 nucleotides of the viral mRNA were sufficient for amplification of the RNA, albeit at levels significantly lower than if the 3'-terminal 19 nucleotides were present. Since the rotavirus replicase will only replicate RNA containing the essential promoter signal at its extreme 3' terminus, cellular mRNAs due to their 3'-poly(A) tracts would be precluded from entering into the RNA replication of virus.
While rotavirus mRNA will function efficiently as template for the synthesis of dsRNA in the cell-free replication system, viral dsRNA will not function as a template for the synthesis of mRNA . This observation is consistent with previous reports showing that the protein and/or structural requirements for transcription (plus-strand synthesis) differ significantly from those for replication (minus-strand synthesis) (Bican et al., 1982; Sandino et al., 1986; Mansell & Patton, 1990) 
VP2
The product of segment 2, VP2 (881 amino acids), is the major component of the core and accumulates in the viroplasms of infected cells (Petrie et al., 1982 expressed by a recombinant baculovirus in Sf9 cells, VP2 assembles into core-like particles that are devoid of nucleic acid. Hence, the assembly of VP2 into cores is not dependent on other viral proteins or dsRNA (Labbe et al., 1991) . However, baculovirus-expressed cores appear to be greater in diameter than virion-derived cores suggesting that other viral products, e.g. viral RNA, are required for the core to condense into its mature form (Labbe et al., 1991) . The location of the domain involved with oligomerization of VP2 into cores has not been defined but may include two leucine zippers present between amino acids 536 to 686 (Fig. 8) . Analysis of cells infected with tsF, a mutant with a ts lesion in segment 2 (Gombold & Ramig, 1987) , indicates that the region of VP2 that contains Ala-387 is also important in core assembly (Mansell et al., 1994) . At nonpermissive temperature, neither cores nor RIs with replicase activity are assembled in tsF-infected cells indicating that VP2 is essential for replicase activity and that core-like particles are the simplest structures that can synthesize dsRNA (Mansell & Patton, 1990) . In fact, recent experiments using baculovirus-expressed proteins suggest that VP2 is a necessary component of complexes that synthesize rotavirus dsRNA (Wentz et al., 1995) . North-western blotting assays have shown that VP2 has nonspecific affinity for both ssRNA and dsRNA, although the affinity for ssRNA is greater than that for dsRNA (Boyle & Holmes, 1986) . By analysis of deletion mutants, the location of the RNA-binding site has been mapped to the first 132 amino acids of VP2 (Fig. 8 ) . This region contains three potential motifs that may function in RNA-binding: (i) a helixturn-helix secondary structure, (ii) a series of five heptad repeats of lysine and glutamic acid residues, and (iii) a sequence similar to other RNA-binding proteins (Mitchell & Both, 1990b; McCormack et al., 1992; Labbe et al., 1994) . While important for RNA-binding, the amino terminus is not necessary for the self-assembly of VP2 into core-like particles.
The function of the affinity of VP2 for ssRNA may be associated with the packaging of viral mRNA into the core during the replication process. Because of its length and stiffness, the dsRNA genome must be bent to fit within the core and this may be the function of the dsRNA-binding activity of the protein (Kapahnke et al., 1986) . Certainly VP2 is in intimate contact with the genome in the core, given that exposure of virus particles to UV-light cross-links VP2 to the dsRNA genome . The physical location of the RNAbinding site in the core is unknown but because intact recombinant VP2/VP6 particles are able to bind poly(U), the site must be accessible from outside the particles . Three types of aqueous channels have been shown to extend through the rotavirion and it may be by these that poly(U) gains access to the RNAbinding site of VP2 (Prasad et al., 1988) .
Co-expression of the rotavirus structural proteins by baculovirus vectors leads to the assembly of virus-like particles that lack dsRNA (Crawford et al., 1994) . The production of empty VP1/VP2/VP3 core-like particles from recombinant protein indicates that VP1 and VP3 have specific sites of interaction with the VP2 shell of the core . Assuming that the core is a T = 1 structure consisting of 60 dimers of VP2 and that the approximate ratio ofVP1, VP2 and VP3 in the virion is 1: 10: 1, it is possible to suggest that each pentamer of the core represents a polymerase complex that is formed from one copy each of the viral RNA polymerase (VP1) and guanylyltransferase (VP3) and five dimers of VP2. Regardless of their location within the core, the fact that VP1 and VP3 appear to have binding sites within the core implies that during transcription, the 11 dsRNA templates must be allowed to move about unimpeded inside the core during transcription such that they could pass through the anchored polymerase complexes. How this freedom would be possible if the dsRNA template is anchored to VP2 in the core is unclear. Although unassembled VP2 expresses an RNA-binding domain, perhaps activation of the transcriptase of VP6 particles results in a conformation shift that reduces the RNAbinding activity of the VP2 core and thus allows the necessary movement of the dsRNA template.
VP3
Genome segment 3 encodes VP3 (835 amino acids), a basic protein that is a minor component of the virion core (Liu et al., 1988) . VP3 shows some sequence similarity with the RNA polymerases of the negativestrand RNA viruses, e.g. vesicular stomatitis virus and measles virus, suggesting that the protein may be part of the rotavirus polymerase complex (Liu & Estes, 1989; Mitchell & Both, 1990b) . The results of several studies have established that VP3 specifically binds GTP and that the interaction is covalent but reversible (Fukuhara et al., 1989; Pizarro et al., 1991) . The binding activity is an intrinsic property of the protein as recombinant GTP will interact with VP3 in the absence of other viral proteins (Liu et al., 1992) . Together, the findings are consistent with VP3 serving as the viral guanylyltransferase. Given that guanylyltransferase activity would be necessary for synthesis of mature mRNA but not dsRNA, VP3 may be an essential component of transcriptase complexes but not of replicase complexes. Indeed, evidence for this comes from the work of Wentz et al. (1995) which showed that baculovirus-expressed VP1/VP2 core-like particles formed in the absence of VP3 possess replicase activity.
Possible roles of the rotavirus RNA-binding proteins
Despite recent advances in our understanding of the mechanism of rotavirus replication, the role of the viral RNA-binding proteins in the process still remains largely unknown. As a result, it is a difficult if not impossible task to produce a mature model that satisfactorily explains the vital functions that the viral RNA binding must play in rotavirus RNA packaging, assortment and replication. But given this caveat, the following interpretive comments on the role of the RNA-binding proteins in the replication process are offered as a framework for thought and future research in this area.
The RNA-binding proteins and genome replication
Of the RNA-binding proteins that specifically recognize viral mRNAs in the infected cell, NSP3 exists in the highest concentration. Its intracellular site of accumulation, specificity and capacity to form oligomers suggest that a large proportion of viral mRNA is bound by NSP3 to the cytoskeleton during virus replication (Fig.  9) . Although bound to the cytoskeleton by the 3'-specific NSP3, this interaction does not necessarily preclude mRNA from undergoing translation. In fact, an earlier study indicates that mRNA is only translated when bound to the cytoskeletal matrix (Cervera et al., 1981) . Hence, NSP3 may promote viral protein synthesis by specifically recruiting the viral mRNAs to the site of polyribosome assembly. But given that the cytoskeletal matrix may also be important in the intracellular trafficking of macromolecules, the recruitment ofmRNA to the cytoskeleton may also be an initial step in the transport of viral mRNA to the viroplasm (Yisraeli et al., 1990; Jackson, 1993; Ferrandon et al., 1994) .
While both NSP1 and NSP3 accumulate on the cytoskeleton, NSP1 is expressed at much lower levels in the infected cell than NSP3. Thus, NSP1 is probably not bound to the 5' end of every mRNA that is anchored to the cytoskeleton by NSP3. it could prevent translation of the mRNA and give rise to a ribosome-free NSP1/NSP3-mRNA complex on the cytoskeleton that is the precursor of precore RIs. In this scenario, NSP1 would play a critical role in regulating the relative levels of mRNA translation versus mRNA replication.
The precore RIs represent a population of small RNase-sensitive complexes that contain VP1 and VP3 and, relative to the other RIs, higher levels of NSP1 and NSP3 and lower levels of NSP2. Given that NSP3 localizes to the cytoskeletal matrix while NSP2 accumulates in viroplasms, the protein components of the precore RI suggest that these complexes are assembled on the cytoskeleton by the interaction of the RNA polymerase VP1 and the guanylyltransferase VP3 with NSP1/NSP3-mRNA complexes (Fig. 9) . Because VP1 and NSP3 recognize similar targets on viral mRNA and the guanylyltransferase VP3 probably binds a target that overlaps that of NSP1, the interaction of VP1 and VP3 with the NSP1/NSP3 mRNA complex would presumably competitively displace NSP1 and NSP3, respectively, from the mRNA. By displacing NSP1 and NSP3, the mRNA would no longer be anchored to the cytoskeleton, and the mRNA and its associated proteins would be free to move to the viroplasm.
In contrast to the precore RI, the core RI contains increased levels of three proteins that accumulate in the viroplasm, VP2, NSP2 and NSP5, and decreased levels of the cytoskeletal protein NSP3. Hence, the core RI probably forms as a result of the movement of the precore RI to the viroplasm (Fig. 9) . While both VP2 and NSP2 have nonspecific RNA-binding activity and therefore could interact with the mRNA of the precore RI, the binding activity of NSP2 would seem likely to predominate initially. The reasons for this are: (i) NSP2 is expressed in vivo at a concentration higher than VP2 and (ii) the pool of NSP2 increases throughout the replication cycle whereas the pool of available VP2 is continuously depleted due to virion morphogenesis. The function of the interaction of NSP2 with the mRNA may be to condense and/or organize the mRNA in preparation for packaging into cores and RNA replication.
Although the interaction of NSP2 with the precore RI may be extensive, VP2 must also interact with the precore RI to form the core RI and to induce the associated viral replicase to synthesize dsRNA. The initial interactions between VP2 and the precore RI are probably mediated by the protein's affinity for ssRNA and for VP1 and VP3 and its intrinsic self-assembly properties. Indeed, the precore RI may serve as a nucleation centre for the formation of a pentamer-like structure consisting of a molecule of VP1 and VP3 surrounded by five dimers of VP2. The capacity of VP2 to self-assemble into cores probably promotes interactions between the pentamers that lead to the formation of a core-like structure, i.e. the core RI, consisting of 60 dimers of VP2 (Fig. 9) . As a result of assembly, the replicase of the core RI is activated resulting in the synthesis of the dsRNA.
When treated with RNase, the core RI not only loses replicase activity but undergoes a significant reduction in overall size (Patton, 1986; Patton & Gallegos, 1990) . Hence, the mRNA template of the core RI is not sequestered at a protected site within the VP2 shell but instead must be located on exposed sites on the exterior of the shell, perhaps in association with other proteins such as NSP2. The presence of the nonstructural proteins may in fact interfere with the maturation of the core, holding it in a loosely formed open structure, until the mRNA template and its associated nonstructural proteins are removed via the replication process. Given that the RNA-binding domain of VP2 is accessible from outside the intact core, the mRNA template and its associated proteins may be interwoven through and bound to the VP2 shell of the core RI. In contrast to the mRNA template, the dsRNA product of the core RI is RNase-resistant suggesting that the mRNA template is packaged within the core as it is replicated (Patton & Gallegos, 1988) . Indeed, during the synthesis of dsRNA, the core and VP6 RIs undergo a reduction in size that parallels that which occurs upon RNase treatment. This observation supports the hypothesis that the mRNA template moves from outside to inside the core during the replication process.
The maturation of the core RI into the VP6 RI is likely driven by the affinity of VP6 for VP2 (Fig. 9) . However, because of the presence of mRNA and associated nonstructural proteins on the exterior of the core RI, VP6 may have little or no access to the VP2 shell until replication has begun. In this manner, the assembly of the VP6 shell may be limited to those core RIs that are functional. Upon completion of RNA replication and the assembly of the VP6 shell, the VP6 particle probably binds soluble VP4 and then interacts with NSP4, a nonstructural glycoprotein that localizes with VP7 to the endoplasmic reticulum of the infected cell (Meyer et al., 1989) . The particle buds into the lumen where the outer shell of the mature virion is formed (Dubois-Dalcq et al., 1984) .
The RNA-binding proteins and genome assortment
Since the RNA content, size and density of core RIs indicate that they contain the complete complement of rotavirus RNAs, core RIs must be assembled following genome assortment. The lack of free pools of nonpackaged dsRNA in the infected cell implies that it is mRNA and not dsRNA that undergoes assortment. From this it follows that the signals that catalyse assortment must be expressed on the 11 species of viral mRNAs. Although the rotaviruses encode a large number of RNA-binding proteins, none possess the necessary multiple specific binding activities that would be required if assortment of the 11 mRNAs was a protein mediated event. What one is left to assume is that assortment is driven primarily by intermolecular interactions among the mRNAs and that during the replication cycle assortment has been completed by the time that the core RI completes the replication of the 11 dsRNAs. Because precore RIs are heterogeneous in overall size with some sufficiently large to co-migrate with virion-derived cores on nondenaturing agarose gels (Gallegos & Patton, 1989) , it would seem that the larger precore RIs are formed by the assortment of smaller VP1/VP3-mRNA complexes. It remains to be determined where assortment takes place, but certainly the accumulation of high levels of NSP3 on the cytoskeleton could cause the co-localization of high levels of mRNA which in turn would provide an environment favourable for intermolecular interactions among viral mRNAs. Upon entry into the viroplasm, the high levels of nonspecific RNA-binding proteins, e.g. NSP2 and VP2, are likely to coat the viral mRNAs in a way that may make it difficult for the intermolecular interactions to take place that are necessary to drive the assortment process.
